Defined by the WHO as an abnormal or excessive amount of body fat, obesity can have a significant impact on health, such as increasing the risk of CVD, type 2 diabetes, certain cancers and premature mortality (1) (2) (3) (4) (5) . In addition, excessive body weight can also contribute to debilitating disorders such as osteoarthritis (4) . Together with the impact on an individual's health, obesity and the related health disorders also place an economic burden on a population's health-care system, either directly through medical costs or indirectly through lost productivity (4, 6) . A systematic review of the economic burden of obesity on health-care systems worldwide, from 1990 to 2009, concluded that it cost between 0·7 % and 2·8 % of a country's total health-care expenditure (7) . In Ireland, it was recently estimated that the total cost of overweight and obesity was €1·13 billion in 2009 (8) . This was attributed to direct expenses (including general practice, drug and out-patient care) accounting for 35 % of the total cost, while indirect expenses (including absenteeism and premature mortality) accounted for 65 % of the cost (8) .
Globally, the prevalence of overweight and obesity has increased dramatically, doubling or tripling in some countries over the past decade (9) . An estimated 502 million people are now classified as obese worldwide (3) , with low-, middle-and high-income countries all affected (4, 9, 10) . Recent studies have, however, reported a 'slow down' in the prevalence of obesity in the last decade, suggesting a possible stabilisation of obesity levels (11, 12) . Flegal et al. analysed the prevalence of obesity from 1999 to 2008 in adults aged ≥20 years in the USA (11) . They observed that 32 % of males and 36 % of females were classified as obese between 2007 and 2008, but comparisons over the previous 10 years showed that the increases in obesity prevalence were not continuing at the same rate, particularly for women. Similarly in Italy, the prevalence of obesity was measured between 2001 and 2008 in adults aged 20-99 years and when compared with data from the previous 25 years, a decrease in the prevalence of obesity was observed for both genders, indicating a possible stabilisation (12) . More recently, Finucane et al. analysed global trends in mean BMI per decade, by region and country from 1980 to 2008, using data from published national health examination surveys and epidemiological studies (10) . They reported increases in mean BMI per decade for males and females of 0·4 kg/m 2 and 0·5 kg/m 2 , respectively, on average (10) . However, flat trends were reported in Central and Eastern Europe and in Central Asia, with a rate of change of ≤0·2 kg/m 2 per decade, suggesting that for certain populations, obesity levels may be stabilising. A tendency towards stabilisation of obesity levels in children and adolescents from Australia, European countries such as England and France, and the USA was also documented by Rokholm et al. from 1999 to 2010. In contrast, strong increases were reported in China, Vietnam, India and Maylasia (13) .
Despite a possible stabilisation of obesity levels, less clear are the trends in body fat distribution. While BMI is an effective means of categorising obesity, it has limitations for use in population subgroups as it is unable to distinguish between intra-abdominal fat and overall general adiposity (14) . Excess intra-abdominal fat is associated with predictors of obesity-related health risk (14) (15) (16) (17) , with the measures waist circumference (WC) and waist:hip ratio (WHR) used as non-invasive and inexpensive methods of assessing abdominal adiposity (18) (19) (20) . These measures correlate closely with BMI and some studies have suggested they may be better predictors of disease risk than BMI itself (16, 17, 19, (21) (22) (23) . Data from the UK have suggested an increase in abdominal obesity, by 17 % for males and 20 % for females, from 1993 to 2008 (24) . This trend has also been observed in other countries, with over half of US adults classified as having abdominal obesity between 2003 and 2004, the prevalence of which increased by 43 % for males and 31 % for females from 1988 to 2004 (25) .
Regular assessment of obesity patterns is important for planning public health policies and for understanding the impact that changes in obesity rates may have on a population's health. The present study aimed to assess the patterns and distributions of overweight and obesity in Irish adults over the past 20 years using data from three national food surveys: the Irish National Nutrition Survey, 1990; the North/South Ireland Food Consumption Survey, 2001; and the more recent National Adult Nutrition Survey, 2011.
Materials and methods

Ethical approval
For each of the three surveysthe Irish National Nutrition Survey (INNS, 1990) , the North/South Ireland Food Consumption Survey (NSIFCS, 2001) 
Study design
The INNS was carried out in the Republic of Ireland between 1988 and 1989 on 715 adults aged 18-90 years, with a response rate of 68 % (26) . The NSIFCS was carried out in both Northern Ireland and the Republic of Ireland between 1997 and 1999 on 1379 adults aged 18-64 years, with a response rate of 63 % (27) . The NANS was conducted in the Republic of Ireland between 2008 and 2010 on 1500 adults aged 18-90 years, with a response rate of 60 % (28) . All participants were healthy free-living participants, with pregnant or lactating women being excluded. For the purpose of the current study the three survey databases were merged, thus allowing direct comparisons, with only adults aged 18-64 years included (n 3125). All studies were representative of the population as per the national Census at that time of data collection (29) (30) (31) . Detailed descriptions of sampling procedures carried out for each survey are published elsewhere (26) (27) (28) .
Anthropometric measurements
Anthropometric measurements were carried out in duplicate by trained researchers using standardised methods. NANS also collected self-reported measurements if a measurement by a trained researcher could not be obtained. Height and weight measurements were recorded in all three surveys, while WC and hip circumference (HC) were measured in the NSIFCS and the NANS only. The INNS (1990) recorded weight using a Soèhnle digital personal weighing scales and height using a folding stadiometer (CMS Weighing Equipment, Ltd, London, UK). The NSIFCS (2001) recorded weight using a Seca Alpha 770 digital scale (CMS Weighing Equipment Ltd) and height using a Leicester height measure (CMS Weighing Equipment Ltd). The NANS (2011) recorded weight using a Tanita ® model body composition analyser and height with a Leicester portable height measure (Seca, Birmingham, UK). All weighing scales were calibrated and placed on a hard level surface when possible. Participants were asked to remove their shoes, any heavy outdoor clothing, keys, belts and heavy items from pockets before measurement. No allowance was made for weight of clothing. For height measurements, participants removed their shoes and stood upright so heels, buttocks and scapulae were in contact with the back-board and the head was positioned in the Frankfurt plane. WC and HC were measured in duplicate using a nonstretch measuring tape, to the nearest 0·1 cm. The waist was measured at the mid-way point between the lower rib margin and the iliac crest. Measurements were taken on the naked site when possible. HC was measured at the maximum protuberance of the buttocks, below the iliac crest. Measurements were taken over light clothing. WHR was calculated using an average of the waist and hip circumferences. Waist:height ratio (WHtR) was calculated using an average of the WC and the single height measure.
For the present analysis, self-reported measurements were removed from the sample, to reduce bias. BMI was calculated using weight (kg) and height squared (m 2 ) (weight/height 2 ) and categorised using the WHO cut-offs (1) : normal weight (BMI = 18·5-24·9 kg/m 2 ), overweight (BMI = 25·0-29·9 kg/m 2 ) and obese (BMI ≥ 30·0 kg/m 2 ). Degrees of obesity were also classified; class I (BMI = 30·0-34·9 kg/m 2 ), class II (BMI = 35·0-39·9 kg/m 2 ) and class III (BMI ≥40·0 kg/m 2 ) (1) . Categories of WC, determined by Lean et al. and Han et al., were used to identify those at an increased risk (men, WC = 94-101·9 cm; women, WC = 80-87·9 cm) and high risk (men, WC ≥102 cm; women, WC ≥ 88 cm) of CVD (18, 19) . Cut-off points of WHR, determined by Lean et al. and Croft et al., were also used to assess a high risk of CVD, defined as WHR ≥0·95 for men and WHR ≥0·80 for women (19, 20) . To characterise the change in obesity levels for the total population, between 1990 and 2001 and between 2001 and 2011, the percentage difference in those classified as normal weight, overweight and obese was also calculated.
Data analysis and statistical methods
All statistical analysis was carried out using the statistical software package PASW ® Version 18. Anthropometric data were normally distributed. Mean and standard deviation were calculated for weight, height, BMI, WC, WHR and WHtR. A general linear model with robust (Huber-White 'sandwich') variance estimators was used to determine any significant changes in mean anthropometric measurements between time points while adjusting for age and sex across surveys. Post hoc pairwise comparisons of surveys were adjusted for multiple comparisons using Holm's sequential Bonferroni procedure. The χ 2 test was used to determine significant differences between the percentages of adults within each BMI category across surveys. Significant omnibus χ 2 test results gated any post hoc χ 2 tests to identify the source of the difference. Post hoc tests were conducted, with a Bonferroni correction, to compare all combinations of pooled 'low' v. 'high' categories. P values were obtained from Monte Carlo permutation (100 000) of contingency tables. The χ 2 test was also used to identify any significant differences in risk categories for WC and WHR. Significance was defined as P < 0·05.
Results
Overall, differences in sex were apparent between surveys, with the proportion of males increasing through time in line with the relevant census (INNS 43 % male, NSIFCS 48 % male, NANS 49 % male; P = 0·07) (29) (30) (31) . There were also age differences between surveys, with NSIFCS showing an older sample than the other two (38 % between 18 and 35 years of age, compared with 49 % in INNS and 43 % in NANS; P < 0·001).
Mean and median anthropometric measurements for Irish adults aged 18-64 years, between 1990 and 2011, are summarised in Table 1 . Weight, height and BMI all showed a significant stepwise increase across the three time points, with mean weight increasing by 8·13 kg for males and 5·16 kg for females over the 20-year period. The greatest increase in weight occurred between 1990 and 2001 (4·9 kg for males and 2·7 kg for females). In contrast, height had a greater increment between 2001 and 2011 (0·02 m) than between 1990 and 2001 (0·01 m). When analysed by gender, this stepwise increase in height was evident in males only; a significant increase occurred for females only at 2011 (1·63 m) compared with the two previous surveys (1·61 m at 1990 and 1·62 m at 2001). In parallel, mean BMI increased (P < 0·001) across all time points for the total population. The greatest numerical change occurred between 1990 and 2001 with an increase in BMI of 1·1 kg/m 2 , with a lesser increment of 0·63 kg/m 2 between 2001 and 2011. This trend was also observed for males. As mentioned, measures of WC, HC and WHR were available only for 2001 and 2011. Between these years, for the total population, WC increased significantly by 3·78 cm (P < 0·001), HC by 0·82 cm (P < 0·05) and WHR by 0·03 (P < 0·001). In all instances, changes in these measures of body fat distribution were driven by females, with a significant increase in WC (5·14 cm; P < 0·001), WHR (0·04; P < 0·001) and WHtR (0·07; P < 0·001) reported. No such changes were observed for males. HC showed a very small difference between surveys (approx. 2 SE), and the sample size reduction associated with sex-stratified analyses may be responsible for the non-significant results in males and females.
Changes in the prevalence of obesity from 1990 to 2011 are shown in Table 2 . Overall, obesity levels increased approximately 2·2 fold for the total population between 1990 and 2011. When examined by gender (excluding underweight), 7·8 % of males and 13·2 % of females were classified as obese in 1990, compared with 25·7 % of males and 21·5 % of females in 2011 (increases of 3·3 and 1·6 fold, respectively). The percentage of the total population defined as class II obese (BMI = 35·0-39·9 kg/m 2 ) also increased significantly (P < 0·05) from 1·4 % in 1990 to 3·6 % in 2011. When split by gender this pattern was no longer significant, but was evident in both males and females and for most age groups. Alongside this, there were significant decreases in the proportion categorised as normal weight (BMI = 18·5-24·9 kg/m 2 ). For males, levels of normal weight decreased by 7·8 % (P < 0·05) between 1990 and 2001 and by 10·9 % (P < 0·01) between 1990 and 2011. For females, a non-significant decrease of 10·0 % in levels of normal weight was observed between 1990 and 2011.
WC, expressed as a percentage of varying levels of CVD risk (18, 19) for males and females, is presented in Table 3 . Relevant data were not collected in 1990 and so data are presented for 2001 and 2011 only. Compared with 2001, the greatest change was apparent for females, with an increase of 13·6 % in the proportion classed as having a high CVD risk; while an increase of 7·9 % was reported for males. When split by age group, increases of 15·4 % and 16·5 % were observed in the proportions classified as having a high CVD risk for females aged 36-50 years and 51-64 years, respectively. Changes in males were less pronounced; the greatest change was observed for those aged 51-64 years with a decrease of 22·6 % in the proportion categorised as at normal risk and an increase of 21·3 % in those categorised as at high risk. Table 4 presents WHR data, expressed as a percentage of varying levels of CVD risk (19, 20) , split by gender. There were decreases in the proportion of males and females classified as having a normal risk of CVD, reflected by an increase in the proportion of those classified as having an increased risk. This trend was more apparent in females (24·4 % increase) than males (12·0 % increase) and 
Discussion
The present study documents, for the first time, trends in obesity levels in Irish adults, aged 18-64 years, between 1990 and 2011. Across this 20-year period, there were significant increases in weight, height and BMI of Irish adults. Significant increases in WC, HC, WHtR and WHR were also observed between 2001 and 2011, with data not available for 1990. Obesity levels have increased over the last two decades, with 23 % of the Irish population now classified as obese compared with 11 % in 1990, and larger increases were observed for males (18 %) than for females (8 %) . Changes in mean BMI highlight an increase of 1·1 kg/m 2 occurring between 1990 and 2001 and a lesser increment of 0·6 kg/m 2 occurring between 2001 and 2011. There appear to have been adverse changes in body fat distribution, particularly in young females, with significant increases in the proportion of the population classified as at increased or high risk of CVD by WC, WHR and WHtR. The greatest changes occurred in females aged 18-35 years, with 54 % now at an increased risk of CVD using WHR as a predictor. 
n, sample number. *Cut-offs used to categorise obesity determined by WHO (1) , omitting underweight (n 28; five males, twenty-three females). n  628  571  244  234  251  204  133  133  Normal risk  52·4 (32) . Analysis on this same age group with the NANS sample revealed similar obesity rates of 18 % for males and 16 % for females (data not shown). SLÁN also conducted analysis on 1207 adults aged ≥45 years and reported 31 % of males and 32 % of females as obese. Again, when this age group was isolated in NANS, broadly similar figures were obtained, albeit slightly higher for males (38 %) than for females (29 %; data not shown). Overall, both NANS and SLÁN indicate that approximately one-quarter of the Irish population is currently obese. These rates are also similar to those from the UK National Diet and Nutrition Survey (NDNS), published in 2011, where 27 % of males and 25 % of females, aged 19-64 years, were classified as obese using the same established categories (33) .
The possibility of a 'slow down' in the rate at which obesity levels are increasing has been recently reported for England (13) . A systematic literature review conducted by Rokholm et al. observed that while there appeared to be an increasing prevalence in pregnant women, among the general population there were signs of a levelling off of obesity between 1991 and 2006, for both men (8 % increase) and women (6 % increase) (13, 34) . Furthermore, studies such as that by Finucane et al. reported flat trends in BMI in Central and Eastern Europe, with an increase of ≤ 0·2 kg/m 2 per decade (10) . Our data suggest that the rate of increase in obesity levels observed in the Irish population is broadly similar over the last 30 years, with an increase of 7 % in obesity levels between 1990 and 2001 and a slightly lesser increment of 6 % between 2001 and 2010. When expressed as BMI change per decade, BMI increased by 1·7 kg/m 2 in the last two decades for Irish adults aged 18-64 years. Numerically, the greatest increase occurred between 1990 and 2001 (1·1 kg/m 2 ) with a lesser increment of 0·6 kg/m 2 occurring between 2001 and 2011. However, age and gender differences in population composition contributed to the lack of statistical significance observed when comparing the rate of increase across the three crosssectional population samples included in the present study. Overall, our data suggest that obesity continues to be a public health concern in Ireland. Further research, ideally longitudinal in nature, is required to establish whether the rate of increase in obesity levels in Ireland has slowed down as per other EU countries.
While BMI is a good indicator for assessing overweight and obesity levels, WC and WHR have been reported to provide more information on the distribution of body fat and so may be better indicators of obesity-related health risks such as CVD, insulin resistance and type 2 diabetes (17, 35, 36) . In the current study, average WC for Irish males was 95·5 cm and for females was 86·3 cm. These findings are similar to those from the most recent NDNS survey in the UK, where mean WC for males was 96·8 cm and for females, 87·5 cm (33) , but lower than those recorded in the National Health and Nutrition Examination Survey (NHANES) in the USA for adults aged ≥ 20 years (100·4 cm for males and 94·0 cm for females) (25) . The greatest increases in the Irish population were observed for females, with 67 % of all females measured now classified as having a WHR ≥0·80. In the UK, 29 % of females aged 19-64 years had a WHR >0·85, a more conservative cut-off than the one used in the present study (33) . It should be noted that when the higher WHR cut-off (>0·85) was applied to our data, 31 % of Irish women were considered to be at risk, similar to the proportion reported in the UK. The increase in the number of Irish females of Table 4 Percentage of Irish adults aged 18-64 years, males and females, with varying levels of risk for CVD as defined by waist:hip ratio*, according to age group, in 2001 and 2011 † childbearing age with WHR ≥0·80 (54 % of 18-35-yearolds) is of particular concern due to the potential implications of obesity in pregnancy. Maternal obesity has been associated with an increased risk of adverse pregnancy outcomes, such as gestational diabetes and postpartum haemorrhage (37) (38) (39) , while CVD in pregnancy is the most common cause of maternal mortality (40) . Strategies are urgently needed to prevent further weight gain in this age group and to increase awareness of the influence of body fat distribution on health.
The present study also highlights differences in the sensitivities and suitability of the various anthropometric measurements used to assess obesity-related health risks. Simply focusing on obesity and relying on BMI as a measure of disease (obesity) risk would have failed to acknowledge the serious health risks associated with carrying excess weight centrally, namely CVD, insulin sensitivity and the metabolic syndrome (16, 17, (41) (42) (43) (44) (45) . For example, in NANS, 21·5 % of women aged 18-64 years were classified as obese, yet 37·3 % were classified as high risk using WC as a measure and 66·5 % were classified as high risk using WHR. Hence, simply relying on BMI or WC would have underestimated the true proportion of females at disease risk. In addition, although CVD risk increases with age (this trend being apparent for males as well as for females), greater proportions of women (54-81 %) were deemed to be at high risk using WHR than men (15-58 %) at any age. Gender differences in body fat distribution are well described, as is the redistribution of body fat that occurs with ageing (46, 47) . However, the present paper suggests that prior to commencing any assessment of overweight and obesity, consideration needs to be given to the population group under study and that a combination of all of the above measures may be more appropriate rather than relying on a single measure.
A major strength of the current study includes the use of objective anthropometric data collected from three national food surveys in representative samples of Irish adults, to assess the trends in obesity prevalence. Methodological similarities between the surveys allowed for direct comparisons of secular trends in obesity across a 20year period. However, statistically significant differences in population composition regarding age and gender resulted in a reduced ability to detect whether rates of increase in obesity had truly increased or stabilised. It should also be noted that adults over the age of 64 years were excluded due to the lack of data collected at earlier time points. In 2011 for adults aged ≥65 years, 25 % of males and 24 % of females were classified as obese (48) , broadly similar to that reported for 18-64-year-olds (26 % of males and 21 % of females). Comparisons with the previous years would have given a more comprehensive picture of obesity trends in Ireland and while BMI may not always be appropriate to use in the elderly, it may have given a broad indication of trends in this age group (9) . Furthermore, measures of body fat distribution were available only for 2001 and 2011, hence analysis of changes in body fat distribution and associated health risks are limited. Data from time points other than the ones presented would also allow for stronger interpretation of the trends associated with WC and WHR.
Conclusion
In conclusion, levels of overweight and obesity remain high in Ireland, with considerable increases in the proportion of women deemed to be at a high risk of developing CVD, as defined by WC and WHR. These data reinforce current public health campaigns aimed at decreasing abdominal obesity and reducing the risk of disorders such as CVD. The use of WC and WHR measurements in classifying those at risk of a chronic illness also suggests that BMI should not be relied upon as a single measure of adiposity. Prevention strategies are needed to ensure these levels of overweight and obesity do not continue to rise.
